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Abstract. We present our recent results on the properties of the outskirts of disk galaxies. 
In particular, we focus on spiral galaxies with stellar disk truncations in their radial surface 
brightness profiles. Using SDSS, UDF and GOODS data we show how the position of the 
break (i.e., a direct estimator of the size of the stellar disk) evolves with time since z ~ 1. Our 
findings agree with an evolution on the radial position of the break by a factor of 1 .3 ± 0. 1 in 
the last 8 Gyr for galaxies with similar stellar masses. We also present radial color gradients 
and how they evolve with time. At all redshift we find a radial inside-out bluing reaching 
a minimum at the position of the break radius, this minimum is followed by a reddening 
outwards. Our results constrain several galaxy disk formation models and favour a scenario 
where stars are formed inside the break radius and are relocated in the outskirts of galaxies 
through secular processes. 
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1. Introduction 



Multiband observations Jail De Paz et alJ 
2005t iPohlen & Truiillol l2006t lErwinetalJ 



2008) show evidence of a large number of stars 
being present in the outer regions of spiral 
galaxy disks. However, current star formation 
theories do not support easily the idea of 
stars forming in those regions, because the 
environment is not dense enough to provide 
the conditions of star formation, e.g., gas 
surface mass den sity is too low (< lOM pc~ 2 , 
Kennicutt 1989). This fact creates a so-far 
not answered question: what is the origin 
of these stars? We approach this problem 



Send offprint requests to: Judith Bakos; e-mail: 
jbakos@iac.es 



by means of investigating the structural and 
stellar population properties of the (outskirts) 
spiral galaxy disks. 



Early studi e s of t h e disks of spiral galax- 
ies ( Patterson! \1 940t Ide Vaucouleursl 119581: 
iFreemanl Il970h showed that this compo- 
nent generally follows an exponential radial 
surface-brightness profile, with a certain scale- 
length, usuall y taken as t he ch aracteristic size 
of the disk. IFreemanl dl970l) pointed out, 
though, that not all disks follow this simple 
exponential law. In fact, a repeatedly reported 
feature of disks for a representative fraction 
of the spiral galaxi es is that of a truncation 
(Ivan der Kruitl 1 1 9791) of the stellar population 



at large radii, typically 2-\ exponential scale- 
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Fig. 1. Upper panels: Averaged, scaled radial surface brightness profiles of 9 Type I (pure exponential 
profiles), 39 Type II (truncated galaxies), and 21 Type III (antitruncated) galaxies. The filled circles corre- 
spond to the r'-band mean surface brightness, the open circles to the mean g'-band data (Pohlen & Trujillo 
2006). The small dots are the individual galaxy profiles in both bands. The surface brightness is corrected 
for Galactic extinction. Middle panels: (g' - r') color gradients. The averaged profile of Type I reaches an 
asymptotic color value of ~ 0.46 mag being rather constant outwards. Type II profiles have a minimum 
color of 0.47 ± 0.02 mag at the break position. The mean color profile of Type III has a redder value of about 
0.57 ± 0.02 mag at th e break. Bo t tom p anels: r'-band surface ma ss density pro files obtained using the color 
to Ml L conversion o f lBelletalJ ( 120031) , and using Kroupa-IMF dKroupalbboIh . Note how the significance 
of the break almost disappears for the Type II (truncated galaxies) case. 



length s (see e.g., the review by iPohlen et al.1 
120041) . 

Several possible break-forming mecha- 
nisms have been investigated to explain the 
truncations. There have been ideas based 
on maximum angular m omentum distribu- 
tion: Ivan der Kruitl dl987l) proposed that an- 
gular momentum conservation in a collaps- 
ing, uniformly rotating cloud naturally gives 
rise to disk break s at r oughly 4.5 scale 
radii. Ivan den Boschl (120011) suggested that the 
breaks are due to angular momentum cut-offs 



of the cooled gas. On the other hand, breaks 
have also been attributed to a threshold for 
star fo rmation, due to changes in the gas den- 
sity dKennicutd Il989h . or to an absence of 
equilib rium in the cool interstellar medium 
phase (Elmegre en & Parravanol [T994t [Schave 
12004]). Magnetic fields ha ve been also consid- 
ered dBattaner et al.l20 02) as responsible of the 
truncations. More recent models using colli- 
sionless N-body simul ations, such as those by 
iDebattista et alj (120061) . demonstrated that the 
redistribution of angular momentum by spi- 
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Evolution at a given stellar mass 
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Fig. 2. Left: Brea k radius of 'truncated' ga laxies as a function of stellar mass, for 4 ranges of redshift. 
Local data are from Pohlen & TroiillJ f2009) (e'-band results). Right: Size evolution at a given stellar mass 
of the break radius as a function of redshift. We have found a growth of a factor 1.3 ±0.1 between z = 1 
and z = 0. The numbers below each point in the right panel indicate the size of the sample. 



rals during bar formation also produces realis- 
tic breaks. In a furt her elaboration of this idea, 
Roskar et al. (2008) have performed high reso- 
lution simulations of the formation of a galaxy 
embedded in a dark matter halo. In these mod- 
els, breaks are the result of the interplay be- 
tween a radial star formation cut-off and redis- 
tribution of stellar mass by secular processes. 
A natural prediction of these models is that 
the stellar populations present an age minimum 
in the break position. This prediction could be 
probed by exploring the color profiles of the 
galaxies. 

Furthermore, addressing the question of 
how the radial truncation evolves with z is 
strongly linked to our understanding of how 
the galactic dis ks grow and w here star forma- 
tion takes place. Ipjrezl (12004) showed that it is 
possible to detect stellar truncations even out 
to z ~ 1 . Using the radial position of the trun- 
cation as a direct estimator of the si ze of the 
stellar disk, iTruiillo & Pohlenl d2005l) inferred 
a moderate (~ 25%) inside-out growth of disk 
galaxies since z ~ 1. An important point, how- 
ever was missing in the previous analyses: the 
evolution with redshift of the radial position of 
the break at a given stellar mass. The stellar 
mass is a much better parameter to explore the 
growth of galaxies, since the luminosity evo- 
lution of the st ellar populations can m imic a 
size evolution dTruiillo et al. 2004, 120061) . We 
present in this contribution a quick summary 



of our recent findings on the stellar disk trunca- 
tion origin and its evolution with redshift. The 
results presented here are based on the f ollow- 
ing publicat i ons: [ Azzollini et al.l (l2008blah and 
iBakos et all d2008l) . Throughout, we assume 
a flat A-dominated cosmology (Q m = 0.30, 
Q A = 0.70, and H = 70kms-' Mpc" 1 ). 

2. Color profiles of local galaxies 

In order to constrain the outer disk formation 
models, in IBakos et"ai1 d2008l) . we have ex- 
plored radial color and stellar surface mass 
density profiles for a sample of 85 late-type 
spiral galaxies with available deep (down to 
~ 27 magarcsec 2 ) SPSS g'- and /-band 
surfac e brightness profiles (Pohlen & Truiillo 
120061) . About 90% of the light profiles have 
been classified as broken exponentials, exhibit- 
ing either truncations (Type II galaxies) or an- 
titruncations (Type III galaxies). Their associ- 
ated color profiles show a significantly differ- 
ent behavior. For the truncated galaxies a ra- 
dial inside-out bluing reaches a minimum of 
(g' - r ') = 0.47 ± 0.02 mag at the position of 
the break radius, this minimum is followed by 
a reddening outwards (see the middle panels in 
Fig- 03- The antitruncated galaxies reveal a dif- 
ferent behavior. At the position of the break ra- 
dius (obtained from the light profiles) now re- 
sides a plateau region of the color profile with 
a value about (g' - r') = 0.57 + 0.02. 
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2.1. Stellar surface mass density profiles 

Using the (g' - r') color (iBell et al.ll2003l) it 
is possible calculate mass-to-light (MIL) ra- 
tios along the radius of the disks. Converting 
the (M/L) into stellar surface mass density re- 
veals a surprising result. The breaks, well es- 
tablished in the light profiles of the Type II 
galaxies, are almost gone (in case of several in- 
dividual galaxies, e.g., NGC 5300, the break is 
completely gone). The mass profiles resembles 
now those of the pure exponential Type I galax- 
ies (see the bottom panels in Fig.Q]). This result 
suggests that the origin of the break in Type II 
galaxies is more likely due to a radial change 
in the ingredients of the stellar population than 
being associated to an actual drop in the distri- 
bution of mass. The antitruncated galaxies, on 
the other hand, show clear mass-excess in the 
outer regions on the stellar mass density pro- 
files, which could have been accumulated from 
an external (possibly satellite) origin. 

There are other structural parameters that 
can be computed to constrain the different 
formation scenarios. Among these we have 
estimated the stellar surface mass density at 
the break for truncated (Type II) galaxies 
(13.6 + 1.6 M pc -2 ) and the same parame- 
ter for the antitruncated (Type III) galaxies 
(9.9 + 1.3 M pc~ 2 ). Finally, we have measured 
that ~ 15% of the total stellar mass in case of 
truncated galaxies and ~ 9% in case of an- 
titruncated galaxies are to be found beyond the 
measured break radii in the light profiles. 



3. Stellar disk truncation along the 
Hubble-time 



Evolution of 



Mb, 



In lAzzollini et alj d2008bl) . we have conducted 
the largest systematic search so far for stellar 
disk truncations in disk-like galaxies at inter- 
mediate redshift (z < 1.1), using the Great 
Observatories Origins Deep Survey South 
(GOODS-S) data from the Hubble Space 
Telescope/ACS. Focusing on Type II galax- 
ies (i.e., downbending profiles) we explore 
whether the position of the break in the rest- 
frame B-band radial surface brightness profile 
(a direct estimator of the extent of the disk 
where most of the massive star formation is 
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Fig. 3. Evolution of the surface brightness at the 
break for Type II galaxies with redshift. We show 
the median surface brightness at the break for the 
distribution of our galaxies. The larger error bars 
represent the standard deviation of the distributions, 
while the shorter ones give the error in the median 
values. (The numbers below each point give the size 
of the sample at that redshift bin.) 



taking place), evolves with time. The number 
of galaxies under analysis (238 of a total of 
505) is an order of magnitude larger than in 
previous studies. For the first time, we probe 
the evolution of the break radius for a given 
stellar mass (a parameter well suited to address 
evolutionary studies). Our results suggest that, 
for a given stellar mass, the radial position of 
the break has increased with cosmic time by 
a factor 1.3 +0.1 between z ~ 1 and z ~ 
(see Fig. 0. This is in agreement with a mod- 
erate inside-out growth of the disk galaxies in 
the last ~ 8 Gyr. In the same period of time, 
the surface brightness level in the rest-frame 
B-band at which the break takes place has in- 
creased by 3.3+0.2 mag arcsec~ 2 (a decrease in 
brightness by a factor of 20.9 +4.2, see Fig. [3}. 

In lAzzollini et all (l2008bl) we also find that 
at a given stellar mass, the scale-lengths of the 
disk in the part inner to the 'break' were on 
average somewhat larger in the past, and have 
remained more or less constant until recently. 
This phenomenon could be related to the spa- 
tial distribution of star formation, which seems 
to be rather spread over the disks in the im- 
ages. So disk galaxies had profiles with a flat- 
ter brightness distribution in the inner part of 
the disk, which has grown in extension, while 
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Fig. 4. Color profiles of the 415 galaxies under study in Azzollini et al. (2008a). The sample is divided 
in subsamples according to surface brightness profile type (I or pure exponential profiles, II or truncated 
galaxies, III or antitruncated, in columns, from left to right) and redshift range (low, mid, or high, in rows, 
from top to bottom). The colors (S 435 - V 6 o 6 , - i 775 , V 606 - z 850 ) are chosen as the best proxies to the 
rest-frame u - g color in each redshift bin. The radii are scaled to the scale radius, i? s , whose definition 
depends on profile type: R s = 2h for type I, where h is the scale-length of the disk, and it is equal to the 
break radius, W s = ^b, for types II and III. Small points are individual color profiles. Large black dots are 
the median color profiles for each subsample, and the error bars give the error in those estimations. The red 
squares give the median color profile for objects with stellar mass M* > 10 10 M G , while the blue squares 
give the same for objects with M+ < 10'° M Q . 



becoming fainter and 'steeper' over time. This 
is consistent with at least some versions of the 
inside-out formation scenario for disks. 



4. Color profiles in intermediate 
redshift galaxies 

In addition to the evolution of the position of 
the break in spiral galaxies, it is important to 
explore how the color of the surface bright- 
ness profiles has evolved with time. This kind 
of analysis sheds light on when stars formed in 



different parts of the disk of galaxies, thus giv- 
ing hints on the stellar mass buildup process. 

In I Azzollini et alJ d2008al) we present deep 
color profiles for a sample of 415 disk galax- 
ies within the redshift range 0.1 < z < 1.1, 
and contained in HST/ACS imaging of the 
GOODS-South field. For each galaxy, pass- 
band combinations are chosen to obtain, at 
each redshift, the best possible approximation 
to the rest-frame u - g color (see, Fig. |4|. We 
find that objects which show a truncation in 
their stellar disk (type II objects) usually show 
a minimum in their color profile at the break, 
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or very near to it, with a maximum to mini- 
mum amplitude in color of < 0.2 mag arcsec -2 , 
a feature which is persistent through the ex- 
plored range of redshifts (i.e., in the last ~ 8 
Gyr and that it is also found in our l ocal sample 
for comparison (Bak os et al. 1 120081) . This color 
structure is in qualitative agreement with re- 
cent model expectations where the break of the 
surface brightness profiles is the result of the 
interplay between a radial star formation cutoff 
and a redis tribution of stellar mass by secular 
processes (Roskar et al. 2 0081) . 

5. Discussion 

Our results on the color profiles fit q ualitatively 
with t he particular prediction of Rosk ar et alJ 
(2008), that the youngest stellar population 
should be found at the break radius, and older 
(redder) stars must be located beyond that ra- 
dius. It is not easy to understand how 'an- 
gular momentum' or 'star formation thresh- 
old'/TSM phases' models alone could explain 
our results. Thus they pose a difficult chal- 
lenge for these models. Howeve r, it will also 
be nec essary to check whether the Rosk ar et alJ 
(2008) models (as well as othe r available mod- 
els in t he lit erature like those o f lBournaud et all 
d2007l) and lFovle et"ai1 (120081) ) are able to re- 
produce quantitatively the results shown here. 

Combining the results found in 
lAzzollini et al.l d2008al) and iBakos et all 
(2008) one is tempted to claim that both the 
existence of the break in Type II galaxies, as 
well as the shape of their color profiles, are 
long lived features in the galaxy evolution. 
Because it would be hard to imagine how 
the above features could be continuously 
destroyed and re-created maintaining the same 
properties over the last ~ 8 Gyr. 
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